2.. Introduction {#s1}
================

In 1961, Anfinsen *et al*. \[[@RSOB120088C1]\] reported the full recovery of activity in an enzyme, bovine ribonuclease A (RNAse), after urea/reductive deactivation. The recovery of activity was accomplished by removing the urea by dialysis and allowing the enzyme solution to re-oxidize slowly in air. In this carefully conducted study, there were no additives present that might inadvertently have promoted the correct folding. One of the intriguing features of this experiment was that it required that the protein explore configuration space thoroughly enough so that the correct disulphide connectivity (four correctly formed SS-bonds out of 28 possible) could be arrived at. The result was so striking that it led to the proposal that the information for correct formation of the disulphide bridges, and of the protein secondary and tertiary structure was contained in the sequence itself. In the half-century since the annunciation of the Anfinsen postulate, there has appeared no evidence which contradicts it, but neither, seemingly, has there been any systematic experimental work on other proteins which would have further established its validity.

There have been many attempts \[[@RSOB120088C2]--[@RSOB120088C5]\] to model the unfolding and refolding processes of globular proteins using molecular dynamics (MD). However, these have mostly concerned very small proteins with molecular weight (MW) approximately 4 and 6.5 \[[@RSOB120088C5]\], 7.6 \[[@RSOB120088C2]\] and 7.5 kDa \[[@RSOB120088C3]\], respectively, with one example of a somewhat larger protein with MW 18.6 kDa \[[@RSOB120088C4]\]. In a companion paper to this one \[[@RSOB120088C6]\], we study a large and complex protein with MW approximately 34 kDa, which is far larger than has been accomplished by any other group. Here we use MD to study RNAse, which is smaller, MW 13.7 kDa, but with the added complication that it contains disulphide bridges. Proteins with disulphide bridges have not widely been studied before by MD, but we wished to reproduce the Anfinsen experiment *in silico*. Accordingly, we study RNAse in both the reduced and oxidized forms and use molecular modelling to carry out the breakage and re-formation of the disulphide bridges as explained below.

Disulphide bonds have an important role to play in several different enzyme functions including the maintenance of tertiary structure and catalytic activity. In RNAse, the key catalytic events are catered for by a pair of histidine residues (His 12 and His 119). Therefore, we track Cys--Cys and His--His distances throughout the unfolding and recovery steps.

3.. Results {#s2}
===========

Key structural parameters for significant species along the inactivation and reactivation pathways are summarized in tables [1](#RSOB120088TB1){ref-type="table"} and [2](#RSOB120088TB2){ref-type="table"}. When RNAse is reduced, there is at first no detectable change in secondary structures. There is some readjustment among the SG--SG distances with even one case of a pair coming into closer proximity, but what this suggests is that the integrity of the three-dimensional structure of the enzyme is not maintained by the disulphide bridges, which is also in total agreement with the Anfinsen experiment. Table 1.Secondary structures and cavity volumes of key structures on the inactivation and reactivation pathways.structurehelixstrandturncoil3_101kf3orig^a^17.7033.0725.0020.973.231kf3sh^b^17.7033.0725.0020.973.231k3suw0^c^14.5216.1326.6142.7401k3suw5^d^15.3019.3627.4237.9001kf3rec9.5^e^20.1633.8723.3918.554.031k3anfo^f^20.1628.2317.7429.034.03[^1][^2][^3][^4][^5][^6] Table 2.SG--SG distances in Cys residues and His 12 ND1 and His 119 NE2 of key structures on the inactivation and reactivation pathways.1kf3orig^a^ 26 C84 C2.03 40 C95 C2.01 58 C110 C2.01 65 C72 C2.02 12 H119 H6.371kf3sh^b^ 26 C84 C2.09 40 C95 C2.16 58 C110 C2.20 65 C72 C1.53 12 H119 H6.401kf3suw0^c^ 26 C84 C4.22 40 C95 C4.03 58 C110 C8.01 65 C72 C4.15 12 H119 H8.141k3suw5^d^ 26 C84 C3.92 40 C95 C6.86 58 C110 C6.68 65 C72 C3.63 12 H119 H9.301kf3rec9.5^e^ 26 C84 C6.10 40 C95 C21.21 58 C110 C3.43 65 C72 C3.66 12 H119 H2.881k3anfo^f^ 26 C84 C2.08 40 C95 C2.09 58 C110 C2.08 65 C72 C2.07 12 H119 H3.40[^7][^8][^9][^10][^11][^12]

However, when immersed in a urea solution, there is an immediate relaxation of the structure. All SG--SG distances expand as does the His 12 ND1--His 119 NE2 distance, which is diagnostic of enzyme activity \[[@RSOB120088C7]\] in ribonuclease. It would be easy to make the assumption that this simply leads to a continued process of unfolding with concomitant expansion of the three-dimensional structure and of the distances mentioned above, but, in fact, nothing could be further from the truth. When the protein structure is allowed to evolve for extended periods up to 5 ps in urea, and then transferred to water for 9 ns, there is, instead of unfolding, a return towards the native structure, and even a bit beyond, in the case of an α-helix and strand ([table 1](#RSOB120088TB1){ref-type="table"}).

As the trajectory proceeds to 5 ps in urea/water, the all-important His 12 ND1--His 119 NE2 spacing widens; while some SG--SG distances expand, others contract (data in [table 2](#RSOB120088TB2){ref-type="table"}). When extended further to 9 ns in water, there is a dramatic contraction in the His 12 ND1--His 119 NE2 spacing to a displacement even shorter than in the native structure. Three of the SG--SG distances contract while the fourth expands dramatically. The small amount of 3_10 helix disappears and later reappears, more or less in synchrony with the way that the α-helix behaves.

Finally, we provide r.m.s. data for all pairwise superposed structures in [table 3](#RSOB120088TB3){ref-type="table"}, from which it can be seen that after inactivation followed by the reactivation procedure, the final structure approaches the initial structure. Four of the five superposed structures are shown in [figure 1](#RSOB120088F1){ref-type="fig"}. Table 3.Pairwise root mean square differences between the superposed structures.r.m.s. Å1kf3orig 1kf3sh 1k3suw0 1k3suw51kf3rec9.51k3anfo1kf3orig^a^00.101.672.484.112.821kf3sh^b^01.812.634.343.141k3suw0^c^01.834.533.411k3suw5^d^04.793.721kf3rec9.5^e^03.381k3anfo^f^0[^13][^14][^15][^16][^17][^18] Figure 1.Superposed structures for ribonuclease at various stages of the simulation. The key to the names used here is to be found in the footnote of the table: blue, 1kf3orig; red, 1kf3sh; green, 1kf3suw5; purple, 1kf3anfo.

4.. Conclusions {#s3}
===============

We have conducted a series of simulations as described above and consider the final state we arrive at (1kf3anfo) to represent the reactivated state of the enzyme. Our claim rests upon the very similar secondary structures that are obtained plus the fact that the disulphide bonds have re-formed with the correct connectivity. The critical His 12 ND1--His 119 NE2 distance is somewhat smaller than the original value. We have recovered a tightly packed structure (a critical requirement of properly folded protein structures that is often overlooked by protein folders). However, we do not expect the final structure to converge exactly upon the initial structure. The latter is a crystal structure that typically contains packing defects \[[@RSOB120088C8]\] and it is in fact impossible to reconstruct that structure without knowing the crystalline space group and arrangement of molecules in the lattice. Further, there may be some ambiguity as to which structure one obtains finally, upon refolding, since there is usually not a single 'native' state, but rather two (or more) states accessible to the protein, reflecting the way that they can switch between, for example, active or inactive conformations \[[@RSOB120088C9]\]. We have of course not covered the entire folding landscape for the protein, but at least an important part of it, from deactivation back to a structure with all the attributes of a fully active structure. Anfinsen was mainly concerned with the loss of activity and its recovery; nevertheless, he conducted experiments which convincingly showed that there was a considerable degree of unfolding \[[@RSOB120088C10]\], quite possibly beyond the stage that we reached, but we have no way of knowing this exactly. Our main concern here is with the deactivation and subsequent reactivation of the enzyme, as detected in our case by the critical His 12 and His 119 distance. We avoid the use of the term denaturation, which could be extended to much more drastic and prolonged treatment with denaturants leading to structures from which recovery may be impossible. Thus, while the Anfinsen postulate holds for the incipient denaturation that we are studying, and probably some way beyond that, it may not hold for all unfolded or misfolded structures.^[1](#fn1){ref-type="fn"}^

The postulate that the final three-dimensional conformation of globular proteins is prescribed by the amino acid sequence has not been contradicted throughout some 50 years of protein folding studies and our results are in accordance with that finding. The Anfinsen experiment was conducted for only a single protein. Since our method is based on an *in silico* approach, it does not require a great deal of preparation in order to conduct similar studies on different enzymes, which we have already embarked on.

5.. Methods {#s4}
===========

5.1.. Molecular dynamics simulations {#s4a}
------------------------------------

All MD simulations were conducted under the A[mber]{.smallcaps} 03 force field \[[@RSOB120088C11]\] as implemented in the protein modelling package Y[asara]{.smallcaps} \[[@RSOB120088C12]\]. A single copy of the RNAse structure PDB I.d. 1 kf3 was enclosed in a rectangular box of dimensions 48.5 × 54.0 × 43.6 Å. This was filled with copies of a single urea molecule. The number of urea molecules generated by Y[asara]{.smallcaps} to just fill the box was 1058. This file was saved and then edited to remove all but 159 urea molecules; this number was calculated to represent a urea concentration of 8 M when the remaining 899 molecules were replaced by water (6334 water molecules). The 159 urea molecules were chosen so as to be spread out as evenly as possible in the box. The selection procedure involved using the Linux sort command to sort the urea molecule entries along the three coordinate axes of the box and then eliminating entries that clustered too closely, first along X, then Y and finally Z, in such a manner as to ensure a well-spaced-out distribution of the urea molecules in the box, avoiding any clustering. Y[asara]{.smallcaps} was then used once more to fill the empty regions with water. The final density in the box, which contained protein, urea and water, was 1.6, corresponding to a urea concentration of 8 M.

To conduct the simulations on reduced ribonuclease, the untreated enzyme molecule was extracted from the box and replaced with the reduced form produced as described in the next section. The pressure was set at 1013 Hpa and the box was minimized with A[mber]{.smallcaps} 03 at 25°C for 1 ps and run under MD at 60°C, saving coordinates every 100 ps and stopping at 9 ns. Movies of both these steps are available for inspection on [www.adelard.org.uk/movies](www.adelard.org.uk/movies).

Simulations of the recovery of activity required urea to be removed and replaced with water. The treated solution was minimized/equilibrated to ensure that the change in environment did not affect the system adversely.

5.2.. Reduction of disulphide bridges {#s4b}
-------------------------------------

This was carried out using the protein modelling program W[hat if]{.smallcaps} \[[@RSOB120088C13]\], which has a choice of routines whereby the program considers all cysteine residues to be reduced or alternatively oxidized as in a disulphide bridge, the connectivity in the latter case being dictated according to the mutual proximity of the respective SG atoms. The latter is the default procedure; the former is an added feature intended to ensure that a disulphide bridge is not automatically assumed merely on the basis of this proximity.

We wish to extend our thanks to Gert Vriend for valuable discussions over many years and for making the W[hat if]{.smallcaps} program available. He and Elmar Krieger are thanked for supplying the Y[asara]{.smallcaps} program. We also thank David Case for kindly granting an academic licence for the A[mber]{.smallcaps} 11 program. We are indebted to two anonymous reviewers who have made constructive suggestions for the improvement of this manuscript; all their recommendations have been implemented as far as possible.

Indeed, nature has developed a specific strategy for recovering from such mishaps, the so-called chaperones.

[^1]: ^a^The starting structure, essentially 1kf3 with crystal waters and sulphate removed.

[^2]: ^b^The starting structure with all four disulphides ruptured by reduction.

[^3]: ^c^The reduced structure immersed in urea/water at 0 ps.

[^4]: ^d^The structure after 5 ps in urea/water.

[^5]: ^e^The structure after 9 ns in water.

[^6]: ^f^The 9 ns structure after quality-checking and correction.

[^7]: ^a^The starting structure, essentially 1kf3 with crystal waters and sulphate removed.

[^8]: ^b^The starting structure with all four disulphides ruptured by reduction.

[^9]: ^c^The reduced structure immersed in urea/water at 0 ps.

[^10]: ^d^The structure after 5 ps in urea/water.

[^11]: ^e^The structure after 9 ns in water.

[^12]: ^f^The 9 ns structure after quality-checking and correction.

[^13]: ^a^The starting structure, essentially 1kf3 with crystal waters and sulphate removed.

[^14]: ^b^The starting structure with all four disulphides ruptured by reduction.

[^15]: ^c^The reduced structure immersed in urea/water at 0 ps.

[^16]: ^d^The structure after 5 ps in urea/water.

[^17]: ^e^Recovered structure after 9 ns in water.

[^18]: ^f^The 9 ns structure after quality-checking and correction.
